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ABSTRACT: Assessing metabolomic alterations in age-related macular N
degeneration (AMD) can provide insights into its pathogenesis. We pd ,%
compared the metabolomic profiles of the aqueous humor between wet s
AMD patients (n = 26) and age- and sex-matched patients undergoing <
cataract surgery without AMD as controls (n = 20). A global untargeted

metabolomics study was performed using ultra-high-performance liquid 7 e p

chromatography tandem mass spectrometry. Univariate analysis after the S WY \
Data\Analysis
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Age-related Macular Degeneration

false discovery correction showed 18 significantly altered metabolites among
the 291 metabolites measured. These differential metabolomic profiles
pointed to three interconnected metabolic pathways: a compromised
carnitine-associated mitochondrial oxidation pathway (carnitine, deoxycarni-
tine, N6-trimethyl-L-lysine), an altered carbohydrate metabolism pathway
(cis-aconitic acid, itaconatic acid, and mesaconic acid), which plays a role in
senescence and immunity, and an activated osmoprotection pathway (glycine betaine, creatine), which potentially contributes to the
pathogenesis of the disease. These results suggested that metabolic dysfunction in AMD is mitochondrial-centered and may provide
new insights into the pathophysiology of wet AMD and novel therapeutic strategies.
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B INTRODUCTION

Age-related macular degeneration (AMD), also known as
macular degenerative disease, is becoming a leading cause of
irreversible blindness in the aging population." The worldwide
prevalence of AMD has been reported to be 196 million thus

lifestyle. In addition, previous studies suggested that local,
rather than systemic, cytokine deregulation occurs in wet
AMD.">'® The aqueous humor (AH) can partially reflect on
the metabolic alterations that occur intraocularly. In fact, the
AH metabolomic composition has previously been widely

far and is expected to increase to approximately 288 million by
2040 AMD is classified into non-neovascular AMD and
neovascular AMD (wet AMD), the latter being the major
cause of severe vision loss in patients with macular
degeneration.” The pathogenesis of the disease remains poorly
understood; however, this is regarded to be a multifactorial
disease caused by a genetic mitochondrial defect and metabolic
dysfunction.”® Evidence suggests that mitochondrial dysfunc-
tion could lead to elevated levels of reactive oxygen species
(ROS), which may contribute to the progression of the
disease.”"® Secondary to these changes, reprogramming of
carbohydrate and lipid metabolism occurs in individuals with
wet AMD.”'? Joyal et al.'" suggested that the development of
wet AMD may be driven by retinal metabolic dysregulation.
Metabolomics describes the analytical and informatic
processes involved in characterizing and measuring multiple
known and unknown metabolites in complex biological fluids,
tissues, and cells. To date, metabolomic studies have focused
on identifying metabolic changes at the plasma level in AMD
patients.'”~'* However, the metabolome of the plasma is often
influenced by potential confounding variables such as diet and
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investigated in the anterior and posterior segments for other
eye diseases, includin§ glaucoma,'” diabetic retinopathy
(DR),"®" and myopia.””*" These studies indicated that the
metabolic alteration from aqueous humor can reflect on the
current phenotype of particular ocular diseases.””

Tandem mass spectrometry coupled with ultra-high-
performance liquid chromatography (UHPLC—MS/MS)
enables fast and sensitive analysis of small molecules in
complex biological systems.”” >* Therefore, in the current
investigation, we performed UHPLC—MS/MS to identify the
differential metabolites and metabolic pathways altered in wet
AMD. Ultimately, we sought to provide further insight into the
pathogenesis and determine the metabolic pathway that is
altered in wet AMD. Thus, improving our understanding of
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AMD-associated metabolic dysfunction may lead to the
development of targeted therapies.

B EXPERIMENTAL SECTION
Study Participants

This observational case—control study was designed to
compare the metabolomic composition of wet AMD
individuals with controls. Participants included in this study
were 26 patients (26 eyes) diagnosed with wet AMD, who
were first treated intravitreally with 0.5 mg of ranibizumab
from April 2019 to June 2019. The wet AMD individuals were
diagnosed according to spectral-domain optical coherence
tomography (SD-OCT) and indocyanine green angiography
(ICGA). The control group comprised 20 age- and sex-
matched patients (20 eyes) undergoing cataract surgery
without AMD. This study protocol was approved by the
Tianjin Eye Hospital Ethics Committee, adhered to the tenets
of the Declaration of Helsinki, and is registered online with the
Chinese Clinical Trial Registry (ChiCTR1900022442). All
participants recruited in the study provided written informed
consent.

The exclusion criteria were as follows: the presence of any
other vitreoretinal disease, active uveitis or ocular infection,
primary or secondary glaucoma, corneal disease, significant
media opacities, a mean spherical equivalent refractive error of
—6 diopters or more, history of retinal surgery, history of any
other ocular surgery or intraocular procedure (such as laser
and intraocular injections), and diabetes mellitus, with or
without concomitant DR. Participant age, sex, and health
history were collected and analyzed.

Sample Preparation

Approximately 100 uL of AH samples was collected with a fine
needle from each patient at the beginning of the surgical
intervention in the operating room. Undiluted samples were
transferred into sterile containers and clarified by centrifuga-
tion in sterile tubes at 15000g for 5 min. Samples were
immediately stored at —80 °C until UHPLC—MS analysis.
During analysis, 100 uL of the sample was thoroughly mixed
with 400 uL of cold methanol/acetonitrile (ACN) (v/v, 1:1)
via vortexing. Then, the mixture was sonicated for 1 h in ice
baths. The mixture was then incubated at —20 °C for 1 h and
centrifuged at 4 °C for 20 min at a speed of 14 000g. The
supernatants were then harvested and dried under vacuum.
Additionally, to ensure data quality for metabolic profiling,
quality control (QC) samples were prepared and analyzed
using the same procedure as that for the experiment samples in
each batch. Dried extracts were then dissolved in 50% ACN.
Each sample was filtered through a disposable 0.22 um
cellulose acetate membrane and transferred into 2 mL HPLC
vials and stored at —80 °C until analysis.

UHPLC—MS/MS Analysis

Metabolic profiling of all samples was conducted based on a
previous study.”> Metabolites were analyzed using a UPLC
system (UHPLC, 1290 Infinity LC, Agilent Technologies,
Santa Clara, CA) coupled to a tandem mass spectrometer,
TripleTOF 5600 Plus (AB Sciex, Framingham, MA).

For hydrophilic interaction liquid chromatography separa-
tion, samples were analyzed using an ACQUIY UPLC BEH
Amide (2.1 mm X 100 mm, 1.7 ym) column (Waters, Ireland).
The flow rate was 0.5 mL/min and the mobile phase contained
A = 25 mM ammonium acetate and 25 mM ammonium

hydroxide in water, and B = ACN. The gradient was
programmed at 95% B for 0.5 min, then linearly reduced to
65% in 6.5 min, then further reduced to 40% in 2 min and
maintained for 1 min, and then increased to 95% in 1.1 min
with a S min re-equilibration period. Both positive-mode and
negative-mode electrospray ionization (ESI) were applied for
MS data acquisition. The ESI source conditions were set as
follows: ion source gas 1 as 60, ion source gas 2 as 60, curtain
gas as 30, source temperature as 600 °C, and ion spray voltage
floating (ISVF) as 5500 V for the positive and —5500 V for the
negative mode. During MS only acquisition, the instrument
was set to acquire over the m/z range 60—1200 Da, and the
accumulation time for TOF MS scanning was set at 0.15 s/
spectra. During auto MS/MS acquisition, the instrument was
set to acquire over the m/z range 25—1200 Da, and the
accumulation time for the product-ion scan was set at 0.03 s/
spectra. The product-ion scan was acquired using information-
dependent acquisition with the high-sensitivity mode selected.
The collisional energy was fixed at 30 eV. Declustering
potential was set at 60 V for both the positive and negative ion
modes.

QC samples were prepared by pooling aliquots of all samples
that were representative of the samples under analysis and used
for data normalization. Blank samples (75% ACN in water)
and QC samples were injected after every six samples during
acquisition.

Data Processing

The raw MS data were converted to MzXML files using
ProteoWizard (version 3.06150) and processed using XCMS
(version 3.2) for feature detection, retention time correction,
and alignment. The combination of accurate mass (<25 ppm)
and experimental MS/MS match against our in-house tandem
MS spectral library and other public databases (NIST, and
MassBank) was used for metabolite identification. In the
extracted-ion features, metabolic peaks that were detected at
less than 50% in all of the quality control (QC) samples were
excluded. Only the variable ion peaks having more than 50% of
the nonzero measurement values in at least one group were
selected for statistical analysis.

SIMCAP software (version 14.0, Umetrics, Umed, Sweden)
was used for all multivariate data analyses and modeling. Data
were mean-centered using Pareto scaling. Models were first
built using principal component analysis (PCA) for the
detection of sample grouping and outliers. Partial least-square
discriminant analysis and orthogonal partial least-square
discriminant analysis (OPLS-DA) were then applied to
maximize the variation between the wet AMD and control
group. All of the models evaluated were tested for overfitting
using permutation test methods. The descriptive performance
of the models was determined using R*X (cumulative) (perfect
model: R2X (cum) = 1) and R?Y (cumulative) (perfect model:
R*Y (cum) = 1) values, while their prediction performance was
measured by Q2 (cumulative) (perfect model: Q* (cum) = 1)
and a permutation test (n = 200). The permuted model should
not be able to predict classes: R* and Q* values at the Y-axis
intercept must be lower than those of Q* and R* of the
nonpermuted model. OPLS-DA allowed the determination of
discriminating metabolites using the variable importance on
projection (VIP).

The P-value was calculated by one-way analysis of variance
(ANOVA) for multiple-groups analysis. Metabolites with VIP
values >1.0 and P-values <0.05 were considered to be
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statistically significant metabolites. Fold change was calculated
as the logarithm of the average mass response (area) ratio
between two arbitrary classes.

KEGG Enrichment Analysis

KEGG pathway analysis using the KEGG database (https://
www.kegg.jp/) was performed on the differential metabolite
data to identify the biological pathways affected by wet AMD.
To explore which metabolic pathways were altered in wet
AMD patients, pathway analysis was performed by Metab-
oAnalyst 3.0. A P-value <0.05 and a count >3 were used as
thresholds to identify the significantly altered metabolic
pathways. KEGG enrichment analyses were carried out using
a Fisher’s exact test. False discovery rate (FDR) correction for
multiple testing was also performed.

Statistical Analysis

Statistical analysis was performed using SPSS software (GLM
Univariate, version 21, IBM Corp.). An independent t-test was
used to compare the mean of continuous variables between
groups. Categorical variables were compared using the chi-
squared test. All data were tested for Gaussian distribution.
Pearson’s correlation coefficients were computed to investigate
linear relationships between variables. P-values <0.05 were
considered statistically significant.

B RESULTS

Clinical Characteristics of the Participants

The clinical characteristics of the participants are summarized
in Table 1. The mean age and sex ratio between the wet AMD

Table 1. Characteristics of Subjects in Control and Wet
AMD Groups

patients and the controls did not differ significantly (P > 0.05).
There was no difference regarding the presence of hyper-
tension, hyperlipidemia, cerebral infarction, and coronary heart
disease between the two groups.

AH Metabolic Profiles in Control and Wet AMD Subjects

Metabolic concentration data from the control and wet AMD
groups were initially analyzed by PCA to assess the analytical
run quality. As shown in Figure S1, partial overlaps between
the two groups were observed. Typical total ion chromato-
grams of AH samples from the control and wet AMD subjects
are shown in Figure 1. Supervised pattern recognition
techniques were then applied using OPLS-DA to compare
the metabolite profiles between the two groups. The results
showed a clear separation between the wet AMD and control
groups (Figure 2A). This was confirmed by cross-validation
and permutation testing, which showed a cumulative R*Y of
0993 and Q* of 0.736 (Figure 2B). A cluster of 200
permutated models was visualized using validation plots. The
permutation test showed that all permuted R* and Q? values to
the left were lower than the original point on the right and that
the Q” regression line had a negative intercept, indicating that
the models fit well.

Metabolic Network Variation Based on the Altered
Metabolites

In all, the concentrations of 18 metabolites were significantly
different between the wet AMD and control groups (VIP > 1
and P < 0.05) among the 291 metabolites measured. All of
these 291 detected metabolites are shown in Table S1. Among
them, 5 metabolites showed significantly higher concentra-
tions, while 13 showed lower concentrations in the wet AMD
group compared to the controls. Fold changes (FC) were used

o controls wet AMD to show the differences between the two groups (Table 2). All
IR = 2U) (= 23) B metabolites were confirmed by the library database, since no
age (years) 69.6 74.12 0.081 authentic standards were commercially available. Of these
male (%) 65 53.85 0.446 metabolites, L-proline exhibited the highest-fold decrease (FC
alcohol (%) 5 11.5 0.435 = 0.035), followed by N-fructosyl isoleucine (FC = 0.113) and
smokers (_%) 10 26.9 0.151 creatine (FC = 0.116). As shown in Figure 3, other metabolites
hypertension (%) 40 30 0.500 that were decreased in the wet AMD group included L-
o
hyperlipidemia (%) 10 77 0783 carnitine, N-acetylhistidine, and lysophosphatidylcholine (LP)
VR
cerebral “}llfarcn? (%) . S 231 0.096 18:2. The metabolites that were significantly increased
coronary heart disease (%) 10 231 024 included itaconic acid, cis-aconitate, deoxycarnitine, N6-
trimethyl-L-lysine (TML), and glycine betaine (GB).
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Figure 1. Representative aqueous humor metabolic profiling from control and wet AMD subjects in positive (A) and negative (B) ESI modes.
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Figure 2. Significant disturbed metabolite analysis. (A) Orthogonal projection to latent structure discriminant analysis (OPLS-DA) between the
control and wet AMD groups. (B) Permutation test of the OPLS-DA model.

Table 2. List of Metabolites Significantly Differentiating Aqueous Humor Metabolic Profiles of the Patients with Wet AMD

and Controls by UHPLC—MS/MS Analysis

metabolite m/z RT (s) VIP EC P-value
deoxycarnitine 146.1175 8.4 1.8719 2.40204987 0.00455042
N6,N6,N6-trimethyl-L-lysine 189.1604 12.5 1.84775 1.77961665 0.00533871
glycine betaine 118.0863 11.05 1.56267 1.3029007 0.0412461
itaconic acid 129.0206 11.37 1.70408 1.28297886 0.01505469
cis-aconitate 173.0092 11.37 1.67156 1.27602732 0.01727889
S-aminopentanoic acid 116.0727 7.41 143728 0.85177776 0.03325281
norleucine 132.1012 6.44 1.28093 0.80719541 0.04740267
L-phenylalanine 164.0727 6.23 1.48879 0.7636036 0.03880729
carnitine 162.1125 8.93 1.86561 0.71709546 0.00627448
7-glutamylglutamine 276.119 11.18 1.88249 0.69451232 0.00520636
hetisine 374.1998 0.88 1.53244 0.67999269 0.0263322
3-phenyllactic acid 165.0565 1.1 1.44928 0.6719715 0.04626954
LPC 18:2 520.3405 3.99 142621 0.64317951 0.02862951
coumaroyl agmatine 277.1658 6.15 1.72538 0.60026033 0.00986845
N-acetylhistidine 198.0853 7.99 1.45583 0.45796294 0.0417775
creatine 132.0768 8.78 2.73223 0.1167791 1.7953 X 107°
N-fructosyl isoleucine 294.1551 7.92 1.91879 0.11336595 0.00580632
L-proline 116.071 7.83 2.02077 0.03527375 0.00348076
Volcano Plot Additionally, heatmap plots were created to better visualize
$- the differences in metabolite concentrations between the two
groups and to classify the upregulated and downregulated
metabolites (Figure S2).
Metabolic Pathway Analysis
6-
Upon identifying the metabolites that were significantly altered
- - between the wet AMD and control groups, a KEGG pathway
g vy analysis was performed to identify the biological pathways
§ 4 e affected by wet AMD. Ten pathways were found to be altered
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Figure 3. Volcano plot representing the relationship between fold
change and significance of metabolic features forwarded for statistical
analysis.

in wet AMD patients; the pathways that were most
significantly enriched were involved in arginine and proline
metabolism (P-value = 4.9 X 107°), lysine degradation (P-
value = 4.37 X 107°), and ABC transportion (P-value = 1.59 X
107°) (Figure 4).

Metabolite—Metabolite Correlation Analysis of the AH

A DPearson pair-wise correlation analysis was performed
between metabolites to investigate the regulatory metabolic
network in AH in individuals with wet AMD (Figure S3). Of
note, cis-aconitate had the greatest significant positive
correlation with itaconic acid, while both cis-aconitate and
itaconic acid negatively correlated with L-proline. Additionally,

there was a strong correlation between carnitine and creatine.
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Figure 4. Metabolic pathway analysis was performed with MetaboAnalyst 3.0. The calculated P-value was established based on the pathway
enrichment analysis, while the pathway impact value was based on the pathway topology analysis; the count is the matched number from the user

uploaded data.

B DISCUSSION

The current study found 18 significantly altered metabolites in
patients with wet AMD after FDR correction. These results
point to a comprehensive metabolic signature in wet AMD by
combining mitochondrial dysfunction-associated altered amino
acid metabolism (L-proline), energetic substrates (carnitine,
deoxycarnitine, TML), and compromised carbohydrate
metabolism (cis-aconitic acid and itaconate acid). Among
these metabolites, cis-aconitic acid and itaconate acid are
known to be linked with age-related oxidative stress*>*” and
innate immunity.”® Other metabolites such as §lycine betaine
and creatine are involved in osmoprotection,” highlighting
their importance in the pathogenesis of AMD.

The decreased concentration of L-proline has not been
previously investigated in the AH of AMD patients. Proline,
synthesized from glutamate/glutamine, serves as an alternative
source of energy during stress or hypoxia and controls
mitochondrial function for maintaining redox balance.’
Previous global metabolomics research has found higher levels
of L-proline in early AMD and lower levels during intermediate
or late AMD, which is equivalent to the wet AMD in our
cohort.”® In line with this result, we also found that the
concentration of L-proline was significantly reduced in the AH
of wet AMD (FC = 0.035, P = 0.003). The decrease in L-
proline concentration may play an important role in the
pathogenesis of AMD. Interestingly, recent papers have
suggested that proline is a preferable nutrient substrate in
human retinal pigment epithelial (RPE) cells, and that
exporting proline-derived mitochondrial products for use in
the outer retina serves in protecting against oxidative
damage.”’

Carnitine plays an essential function in shuttling long-chain
fatty acids into the mitochondrial matrix for f-oxidation and
acts as an antioxidant.”> Emerging evidence suggests that
disturbance of the carnitine pathway leads to impaired
mitochondrial function, which ultimately results in perturba-
tion of cellular neuroprotective and antioxidant properties,
accompanied by increasing mitochondrial dysfunction and cell
death.”** The precursor for carnitine biosynthesis is obtained

mainly from lysine degradation. Carnitine is synthesized from
its substrate 6-N-trimethyllysine (TML), which gets hydroxy-
lated from deoxycarnitine by y-butyrobetaine dioxygenase to
generate carnitine.” Interestingly, in this study, we found that
the concentrations of TML and deoxycarnitine were both
significantly increased, accompanied by significantly decreased
L-carnitine levels. An increase in TML and deoxycarnitine
concentration is associated with amino acid degradation, which
supports the concept that disruption of protein and amino acid
homeostasis may be one of the underlying mechanisms leading
to AMD.36 In line with this suggestion, a pioneer investigation
by Lains et al. on the metabolic profile of plasma in AMD
patients also detected lower lysine levels compared with
controls."”

The metabolic signature of free carnitine and acylcarnitine
has not been previously investigated in the AH of AMD
patients, although previous plasma studies have found that the
carnitine shuttling pathway may be involved in the
pathophysiology of wet AMD."**” In addition, an increased
plasma concentration of long-chain acylcarnitine has been
reported in different AMD cohorts. The decreased level of free
carnitine found in the current study may indicate the
upregulation of esterification to generate acylcarnitine
derivatives. We also found higher acylcarnitine and butyryl
carnitine levels in AMD patients than in controls, although the
difference was not significant. This could possibly be owing to
the higher level of free carnitine present in the AH from AMD
patients than in the choroid-retina and plasma, leading to
lower levels of its esterified form, such as acylcarnitine.”*”” In
addition, the relatively small number of participants or the
single-center nature of this study may also contribute to the
lack of significant difference in acylcarnitine levels observed.
Previous research has demonstrated that long-chain acetyl-L-
carnitine levels were increased in patients with neovascular
AMD?” and that L-carnitine has the potential to protect the
retina from ischemia-reperfusion injury.40 Together, this
suggests that fatty acid metabolism, especially alteration of
the carnitine pathway, may be involved in the pathophysiology
of wet AMD.
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cis-Aconitic acid (CAA), an intermediate substrate during
the conversion of citrate to isocitrate in the tricarboxylic acid
cycle (TCA), is synthesized by mitochondrial aconitase (Acon)
in humans.”" In a Drosophila model (Acon-knockdown, Acon),
high levels of cis-aconitate, induced by low m-aconitase activity,
led to increased cell death in the brain via the impairment of
glycolysis and the TCA cycle and depletion of ATP levels.*”
Interestingly, a point mutation in the m-aconitase encoding
gene was found to cause retinal degeneration.43 Indeed,
impaired aconitase activity, which leads to accumulation of
CAA, was also specifically targeted/affected by oxidative
damage during aging.’® In a genetic polymorphism AMD
population study, iron-regulatory protein 1 (IRP1), known as
the cytosolic aconitase, was shown to be associated with an
increased risk of developing wet AMD.”” Thus, due to IRP1 or
aconitase production, CAA possibly links metabolism with the
aging processes and oxidative stress by altering oxidative
phosphorylation and fatty acid oxidation. In line with these
suggestions, the significant increase in the concentration of
CAA, as first reported in this study, might manifest its essential
role in the pathogenesis of this disease.

Itaconic acid, generated from cis-aconitate via decarboxylase
(immunoresponsive gene 1, IRGI), is known to be an
immunoregulatory metabolite, which links innate immunity
with TCA cycle remodeling.”*** A significant increase in
itaconic acid concentration caused by inflammatory macro-
phage activation was found to modulate succinate concen-
tration, subsequently regulating the interleukin-14-hypoxia-
inducible factor-lar axis, accompanied by cytokine produc-
tion.” In fact, activation of senescent macrophages by
interleukin plays an essential role during vascular proliferation
in the mice choroidal neovascularization (CNV) models.*
However, no published paper has focused on itaconate’s
immunoregulatory role and metabolism reprogramming
properties from AMD studies. Given that itaconic acid AH
level was highly increased in AMD patients, future work should
be performed on the possible underlying mechanism by which
itaconic acid acts as a modulator by linking innate immunity,
glucose metabolism, and neovascular proliferation.

Glycine betaine (GB) was previously regarded as an
osmoprotector and is now widely accepted to play a regulatory
role in carbohydrate metabolism, oxidative stress, and fatty
oxidation.”” In an epidemiological AMD study, a relatively
higher salt intake led to increased extracellular osmolarity. This
is a risk factor for AMD and has detrimental effects on the RPE
and vascular tissue in vitro." It was suggested that hypertonic
stress stimulates inflammatory mediators and vascular
endothelial growth factor (VEGF) production in RPE cells.*®
Thus, in terms of its role as an osmoprotector, we speculated
that the increased GB concentration in the AMD group
protects the impaired cells or dysfunctional enzymes from
environmental stress and dietary habits, since the cohort was
from a high salt-intake area in North China. Apart from
regulating hypertonicity, GB has also been shown to inhibit
retinal neovascularization in oxygen-induced retinopathy
models and streptozotocin-induced hyperglycemic rat mod-
els."”>" Based on the previous suggestion, the significant
increase in the concentration of CAA, as first reported in this
study, may indicate its potential role in the pathogenesis of wet
AMD.

Upon comparison of our results with previous studies, some
of the metabolites altered in the AH of patients with AMD
were not found to be altered in the plasma. This suggested that

AMD might also affect the permeability of the BAB (blood
aqueous barrier)."”'**7*" Although AMD is regarded as a
disease of the posterior segment and is associated with CNV
and cytokine or complement protein infiltration via the
compromised BRB (blood retina barrier), the BAB and BRB
share similar structural properties and are believed to work
cooperatively in response to stress.”> >* Therefore, it is
plausible that the alteration of certain metabolites in the AH
might partially reflect on the metabolic profiles in the affected
retina caused by the leakage from the BRB. In addition,
Agrawal et al. evaluated the cytokine profiles in both the AH
and blood samples of CNV-AMD patients.'® They found
significant differences in cytokine levels between the AH and
plasma. Thus, they suggested that local rather than systemic
deregulation of cytokine production occurs in CNV-AMD.
Furthermore, this result is supported by the study that
compared the cytokine profile in the AH and serum between
AMD patients and healthy controls."> However, this
suggestion does not support the concept that since the
anterior segments are topographically closer to the AH the
ciliary body might also affect the metabolic signature of the AH
more than the retina. Indeed, Riley et al. performed an in vivo
experiment to elucidate the nature and extent of lactic acid
shuttling between the AH and their surroundings.”> They
concluded that, in addition to the cornea and lens, both the
ciliary body and the retina were a significant source of lactate
to the AH. This paper, although published four decades ago,
made ground for using AH as a source for analyzing
metabolism in the eye by comparing the AH with plasma
and vitreous humor. Unfortunately, no further research has
investigated other metabolites or the retinal disease model
using AH as a source. At this stage, we concluded that the
metabolic dynamics of the AH is intermediary, as it is affected
by both the retina and ciliary body. We are undertaking similar
animal studies with the purpose of elucidating the differences
in metabolic profiles between the AH and vitreous humor, as
well as the retina in various retinal disease models, to provide
more precise and solid evidence in the future.

This study has a few limitations, the first being the small
number of participants included in this study. We found that,
with the sample size used, the mean and standard deviation of
associated metabolites gave a statistical power of >0.8. After
searching the related literature, we found that 20 samples are
generally sufficient to evaluate the sample size in a rigorous
manner.”® Controlled clinical studies where the subjects are
carefully matched can be carried out with as few as 10—20
patients.”” Hence, we believe that although the number of
recruited patients was relatively small, it was enough to detect
the difference between the two groups. Second, this cohort did
not include other AMD subtypes such as dry or early-stage
AMD. This is because only late-stage AMD participants were
treated with intravitreal VEGF therapy; thus, only these
patients were available for AH specimen collection. Addition-
ally, this cohort encompassed only Northern Chinese patients,
whose dietary habits and environmental factors may affect the
results. Another concern was that the extent of AH metabolism
reflects on the compromised retinal metabolism. We fully
understood that the vitreous humor and even macular tissue
specimen from AMD patients would be ideal, due to being
closer to the CNV. However, it is more invasive to obtain
vitreous samples and may not be ethically justified in our
research. Lastly, the metabolic profile of the AH is dynamic,
and can be affected by a number of factors (such as specimen
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preservation approach and method of measurement). Further
experiments or other cohorts are needed to validate our
conclusion, assess the significantly altered metabolites
quantitatively, and explore the diversity of the targeted
metabolic pathways.

B CONCLUSIONS

This is the first study to assess the metabolomic profiles of AH
in wet AMD patients. We found four major features: (1)
altered amino acid metabolism, including reduced levels of L-
proline and increased concentration of TML and deoxycarni-
tine via protein—lysine degradation, (2) significant decrease in
free carnitine levels and increase in certain acylcarnitines,
suggesting a role of the carnitine shuttling pathway, (3)
metabolic remodeling of the TCA cycle and carbohydrate
metabolism (e.g., CAA and itaconatic acid), and (4) increased
concentration of GB involved in the osmoprotection pathway.
These results suggest that mitochondrial dysfunction as well as
altered carbohydrate, amino acid, and fatty acid metabolism
potentially contributes to the pathogenesis of wet AMD.
Further investigation will be required to confirm the above
results and investigate further the metabolic pathways involved
in wet AMD, potentially leading to a more comprehensive
understanding of the pathophysiology of this disease.
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